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PitchMen's voices contain acoustic cues to body size and hormonal status, which have been found to affect women's
ratings of speaker size,masculinity and attractiveness. However, the extent towhich these voice parametersme-
diate the relationship between speakers'ﬁtness-related features and listener's judgments of theirmasculinity has
not yet been investigated.
We audio-recorded 37 adult heterosexual males performing a range of speech tasks and asked 20 adult hetero-
sexual female listeners to rate speakers' masculinity on the basis of their voices only. We then used a two-level
(speaker within listener) path analysis to examine the relationships between the physiological (testosterone,
height), acoustic (fundamental frequency or F0, and resonances orΔF) and perceptual dimensions (listeners' rat-
ings) of speakers' masculinity. Overall, results revealed that male speakers who were taller and had higher sali-
vary testosterone levels also had lower F0 and ΔF, and were in turn rated as more masculine. The relationship
between testosterone and perceived masculinity was essentially mediated by F0, while that of height and per-
ceived masculinity was partially mediated by both F0 and ΔF.
These observations conﬁrm thatwomen listeners attend to sexually dimorphic voice cues to assess themasculin-
ity of unseenmale speakers. In turn, variation in these voice features correlate with speakers' variation in stature
and hormonal status, highlighting the interdependence of these physiological, acoustic and perceptual
dimensions.
© 2014 Published by Elsevier Inc.Introduction
Male masculinity is linked to the expression of sexually selected
morphological traits that emerge at sexual maturity (Andersson,
1994) and which are associated with individuals' hormonal and
physical quality. For example, sexually dimorphic, masculine facial
(i.e. large jaws and pronounced brows) and bodily (i.e. broad shoulders,
narrow hips, tallness) traits positively correlate with health status,
physical strength and self-reported mating success (Fink et al., 2007;
Gallup et al., 2007; Hönekopp et al., 2007; La Batide-Alanore et al.,
2003; Prokop and Fedor, 2013; Samson et al., 2000; Smith et al., 2000;
Thornhill and Gangestad, 2006).
To the extent that masculinity correlates with underlying ﬁtness,
perceiving its variation is crucial when choosing a mate. Indices of mas-
culinity inmen's faces and bodies are indeed attractive towomen, espe-
cially when most fertile during their menstrual cycle (Little et al., 2007;
Welling et al., 2007; Zebrowitz and Rhodes, 2002) and when explicitly
asked to judge for short-term mating (Little et al., 2002; Rhodes et al.,
2005).sychology, Falmer, Brighton,Along with facial and bodily features, the human voice is a sexually
dimorphic trait: compared to women, men speak at a lower fundamen-
tal frequency (F0 — lower pitch), and lower, more closely spaced for-
mant frequencies (deeper timbre) (Titze, 1994). These differences are
at least partly affected by hormonally induced changes occurring during
male puberty. Pubertal exposure to androgens causes a 60% increase in
men's vocal fold length relative to women, and a corresponding de-
crease in its inverse acoustic correlate, mean F0 (Harries et al., 1998;
Titze, 1994). Under the inﬂuence of androgens, pubertal males also
grow 7% taller than women on average (Gaulin and Boster, 1985) and
develop a further descended larynx, causing an increase in the length-
ening of their vocal tract and thus a permanent drop in its inverse acous-
tic correlate, formant spacing or ΔF (Fitch and Giedd, 1999; Vorperian
et al., 2009).
Because of the relationship between sexually dimorphic acoustic
properties and underlying biological dimorphisms such as testosterone
levels and body stature, acoustic variations amongst adult males may
provide indexical cues of ﬁtness-related features, with lower frequency
(more masculine) values signalling greater ﬁtness. For example,
according to the immunocompetence handicap hypothesis, testoster-
one controls the development of sexual markers, while causing immu-
nosuppression (Folstad and Karter, 1992). Thus, cues to testosterone
are considered to signal better ﬁtness because only males with strong
Table 1
Ranges, means and standard deviations (N = 37) for the physical measures (height,
testosterone), acoustic parameters (F0, ΔF) and perceived masculinity ratings across
speech types.
Measures Range Mean SD
Height(cm) 170.50–190.10 180.10 4.80
Testosterone (pg/mL) 87.10–253.25 153.60 40.69
F0 (Hz) 81.61–128.36 112.1 13.67
ΔF (Hz) 957.24–1073.54 1008 32.87
Perceived masculinity 1–7 4.95 1.52
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Karter, 1992; Thornhill and Gangestad, 2006). Testosterone has also
has been found to positively correlate with disease resistance (Rantala
et al., 2012), perceived masculinity (Penton-Voak and Chen, 2004),
dominance (Mazur and Booth, 1998), social status (Eisenegger et al.,
2011) andmating success (Peters et al., 2008), though it is also associat-
ed with decreased parental investment (Fleming et al., 2002), higher
rates of antisocial behaviour (Booth et al., 2006) and inﬁdelity (Booth
and Dabbs, 1993). Moreover, in most mammals body size has been
shown to play a major role in acquiring mates and resources, as larger
males are more likely to win ﬁghts (Lindenfors et al., 2007), and are
more attractive to females (Charlton et al., 2007, 2012; McElligott
et al., 2001). In humans, taller men have been found to be healthier
(La Batide-Alanore et al., 2003; Smith et al., 2000), enjoy higher repro-
ductive (Nettle, 2002; Pawlowski et al., 2000), academic (Hensley,
1993) and socioeconomic (Harper, 2000; Judge and Cable, 2004) suc-
cess, and are more attractive to Western women (Mautz et al., 2013;
Stulp et al., 2014; Swami et al., 2008; Yancey and Emerson, 2014)
than shorter men, despite possible costs associated with male tallness
(i.e. energy allocation trade-off between growth and reproduction: see
Pisanski and Feinberg (2013) for a review). In a recent study (Kempe
et al., 2013), height has also been found to positively correlate with
other indices of masculinity, including greater weight and arm strength
(though not with circulating testosterone). Correspondingly, taller men
are consistently perceived to be more masculine than shorter men
(Bogaert and McCreary, 2011; Jackson and Ervin, 1992; Little et al.,
2007; Melamed, 1992).
Alongside body and facial sexually dimorphic traits, acoustic compo-
nents of the voices have been shown to act as cues to testosterone and
height. In particular, men's individual mean F0 has been found to nega-
tively correlate with circulating levels of testosterone (Dabbs and
Mallinger, 1999; Evans et al., 2008; Puts et al., 2012) and higher mating
success rates (Apicella et al., 2007;Hodges-Simeon et al., 2011), while at
least one study (Bruckert et al., 2006) has also reported a negative rela-
tionship betweenΔF and testosterone, thoughmore recent studies have
failed to replicate these ﬁndings (Evans et al., 2008; Puts et al., 2012).
ΔF also seems to moderately correlate with speakers' body size, and
in particular men's height (Evans et al., 2006; Greisbach, 2007; Rendall
et al., 2005; but see Van Dommelen and Moxness, 1995), with taller
men speaking with lower ΔF. However, there appears to be no
consistent relationship between stature and F0 within sexes: while
two studies have reported signiﬁcant correlations between height and
F0 (Graddol and Swann, 1983; Puts et al., 2012), other studies have
failed to identify such a relationship (e.g. Evans et al., 2006; Künzel,
1989; Rendall et al., 2005; Sell et al., 2010; Van Dommelen and
Moxness, 1995).
If vocal frequencies signal hormonal (i.e. testosterone levels) and
physical (i.e. height) attributes of speakers, attending to such acoustic
cues may have important consequences when assessing potential
mates. Indeed, psychoacoustic studies (where voice frequencies are ar-
tiﬁcially manipulated) report that pronounced sexually dimorphic
(more masculine) features in men's voices positively affect women's
masculinity ratings (Feinberg et al., 2005, 2006, 2008; Jones et al.,
2010), as also shown for men's faces and bodies (Feinberg et al., 2008;
Little et al., 2002, 2007). Moreover, in line with research on facial and
bodily traits (Feinberg et al., 2008; Johnston et al., 2001; Little et al.,
2002, 2007), preferences for masculine voices are strongest when the
beneﬁts of choosing more masculine mates outweigh the costs, such
as when women are at the peak of their fertility during their menstrual
cycle and when ratingmen as short-term rather than long-termmating
partners (Feinberg et al., 2006; Puts, 2005).
However, the complex relationships between ﬁtness-related, acous-
tic and perceived dimensions of males' masculinity remain under-
investigated. The present study tests the hypothesis that the natural
variation in sexually dimorphic voice cues (F0 and ΔF) of male speakers
mediates the effects of their ﬁtness-related characteristics (testosteroneand height) onmasculinity attributionsmade bywomen listeners. More
speciﬁcally, in line with most previous research we expect F0 to mainly
mediate between testosterone and perceived masculinity: higher tes-
tosterone men are expected to speak with lower F0 and be perceived
as more masculine than their lower-testosterone counterparts. We
also expect ΔF to mainly mediate between height and perceived
masculinity: taller men are expected to speak with lower ΔF and in
turn be perceived as more masculine than their shorter counterparts.
However, given previous reports of negative correlations between tes-
tosterone and ΔF as well as between height and F0, we investigate all
possible relationships amongst height, testosterone, F0, ΔF, and per-
ceived masculinity.
Methods
Participants
We recorded voices from37 self-reported heterosexualmenwith no
history of chronic diseases or hormonal abnormalities, all native
speakers of British English and aged 20 to 25 (M = 20.6, SD = 1.7).
None were currently suffering from any conditions that might affect
their voice (e.g. colds, sore throats). Listeners were 20 undergraduate
female students from the University of Sussex, Brighton (UK), aged 20
to 25 (M= 21.8, SD = 1.5). All women were self-reported heterosex-
uals, with no history of hearing impairments and with British English
as their ﬁrst language. All participants gave their written informed con-
sent prior to taking part in the production and perception experiments.
Approval for both procedures was granted by the School of Life Sciences
Research Governance Committee (Certiﬁcates of approval: DRVC0409
and DRVC0711).
Physical masculinity
Speakerswere individually audio-recorded in a soundproofed booth
at the University of Sussex. Prior to the recording of their voices, partic-
ipants' body height was measured to the nearest 0.1 cm using a Seca
Leicester stadiometer, from the top of the participant's head to the
soles of his feet (shoes off and feet together), with the participant stand-
ing erect and looking straight ahead. Saliva samples were taken from
speakers immediately after the recordings. Participants were asked to
conﬁrm that they had not eaten, drank, chewed gum or brushed their
teeth for at least 30 min before sampling, and were asked to rinse
their mouth for 10 s prior to collection. Collection was performed
using a Salimetrics Oral Swab (SOS) under the front of the speakers'
tongue: speakers kept the swab in their mouth for three minutes
(without chewing it), and then placed it in its plastic storage tube,
without touching the swab with their hands. Samples were stored in a
freezer at−20 °C and sent to Salimetrics for testosterone analysis via
immunoassay. All assays passed quality control.
All saliva collections were carried out between 9 am and 11 am, to
control for the effect of diurnal variation in F0 and testosterone levels
(Evans et al., 2008). Range, means and standard deviations for body
height and salivary testosterone levels across the 37 speakers are re-
ported in Table 1.
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Recordings of male speakers were taken in a soundproofed room
using an AKG PERCEPTION 220 microphone. Firstly, speakers were
asked to read out loud the words had, head, hid, heed, hod, hood,
who'd, followed by the Rainbow passage (Fairbanks, 1960). Next, in
order to elicit spontaneous speech (rather than text read aloud) while
obtaining the same phonetic data (LListerri, 1992), subjects were
given a picture of a kettle, and asked to describe it for 60 s, ending the
description by answering the question “what is the object in front of
you?”. Three types of voice stimuli were created from these recordings
in order to be used in the rating phase of the study: a list of single-
syllable words concatenated with an interval of 0.5 s silence (isolated
word stimuli), the sentence “people look, but no-one ever ﬁnds it”
extracted from the Rainbow passage (sentence stimuli), and the state-
ment “the object I have in front of me is a kettle” from the spontaneous
description of a kettle (connected speech stimuli). Thus, a total of 111
audio samples (37 speakers × 3 types of voice stimuli) were used in
the voice ratings. Stimuli were individually standardised to 65 dB
prior to acoustic analysis. Fundamental frequency (F0) values and
the frequency of the ﬁrst four formants (F1–F4) were obtained from
these stimuli, using a custom script in PRAAT v.5.2.17 (Boersma and
Weenink, 2011) for batch processing. Mean fundamental frequency
(F0) was calculated using the PRAAT autocorrelation algorithm “to
Pitch”. The analysis parameters were set as pitch ﬂoor 30 Hz and ceiling
500 Hz, time step 0.01 s. This frequency rangewas slightly broader than
the recommended PRAAT values for men's voices (60–300 Hz) in order
to account for frequent proﬁles falling outside the expected levels
(Vogel et al., 2009). The frequencies of the ﬁrst four formants were
obtained using PRAAT's Linear Predictive Coding “Burg” algorithm. The
analysis parameters were set as: number of formants 5, maximum
formant 5000 Hz, and dynamic range 30 dB, length of the analysis
window 0.03 s. The computed values were double-checked by visual in-
spection of the spectrogram and analysis parameters were adjusted to
correct erroneous estimates. The centre frequencies for F1–F4 of each
sample were used to derive average formant spacing (ΔF), that is, the av-
erage distance between any two adjacent formants (ΔF= Fi + 1− Fi), by
seeking the best ﬁt for the equation:
Fi ¼
2i−1
2
ΔF
(See Cartei et al., 2012; Reby and McComb, 2003 for details).
Perceived masculinity
Each of the 20 female raters sat in a sound-controlled room in front
of a computer screen and wore Dynamode dh-660mv headsets. Raters
were able to adjust the volume to a comfortable level prior to the rating
task. Voice stimuli for the 37male speakers were presented using a cus-
tom script written in PRAAT v.5.2.17 (Boersma and Weenink, 2011) in
three separate blocks according to stimuli type (isolated words, sen-
tence and connected speech), and with stimuli order randomised with-
in each block. After listening to each stimulus, listeners were asked to
rate the speaker's masculinity (“how masculine does the speaker
sound?”) on a 7-point Likert scale from 1 (not at all masculine) to 7
(very masculine), by clicking on one of the equally sized buttons la-
belled from 1 (left endpoint) to 7 (right endpoint). Each rater thus
made 111 judgments (37 speakers × 3 blocks), with scheduled rest-
breaks every 13 stimuli.
Inter-rater reliability was calculated using Cronbach's alpha (α)
for each of the three voice tasks (isolated words: α= .937, sentence:
α= .928, connected speech: α= .933). Agreement between raters
with respect to the actual values they assigned to individuals
was assessed by the single measure Intra-Class Correlations (ICC)
from the multilevel analysis (speakers nested within listeners)(isolated words: ICC = .27; sentence: ICC = .20; connected speech:
ICC= .22). Since the degree of reliability of ratings betweenparticipants
was high (α N 0.8 in all cases) and agreement was fair (ICC = .21–.40
(Landis and Koch, 1977)), we consider that in general female listeners
agreed on their masculinity ratings.
Modelling analysis
In order to test multiple pathways from physiological (testosterone,
height) and acoustic (F0, ΔF) characteristics of speakers to masculinity
ratings of their voices,we initially run a two-level (speaker nestedwith-
in listeners) path analysis on the fully saturated model for each speech
task. However, as correlations across types of speech for F0, ΔF, and
masculinity ratings were high, we decided to average these measures
across speech types for each speaker (Table 1). This reduced the total
amount of noise in the analysis by reducing the number of path analyses
that needed to be performed from three to one (R2 values showed that
the ﬁnal model accounted for 46.9% of the variance in perceivedmascu-
linity, while R2 values for individual models were between 17.2% and
28.4%). See Appendix A for more details on the separate models for
each perceptual task.
The number of observations was 740 (37 speakers × 20 listeners),
well above theminimumof 5 cases per parameter (withminimumsam-
ple size of 200 (Lei andWu, 2007)), recommended to perform this anal-
ysis. Standardised path coefﬁcients (ρ) and their signiﬁcance levels, as
well as indirect and total effects, were calculated with Mplus v.7.11
(Muthén andMuthén, 2013) using the ML (Maximum Likelihood) esti-
mator. The strength of the associations was interpreted following
Campbell and Swinscow (1996): values of ρ .00–.19 are regarded as
very weak, .20–.39 as weak, .40–.59 as moderate, .60–.79 as strong
and .80–1.00 as very strong. Standardised path coefﬁcients (ρ values)
are reported in Fig. 1. These coefﬁcients are adjusted for correlations
with the other independent variables in the model. Pearson's correla-
tion coefﬁcients are also provided in supporting online material.
Results
Physiological and acoustic characteristics
Testosterone and height were signiﬁcantly, thoughweakly, correlated
(ρ = − .25, p b .001) and R2 values showed that these measures
accounted for a relatively small percentage of the variance in F0
(23.6%) and ΔF (5.2%). More speciﬁcally, men with higher salivary tes-
tosterone levelswere found to have lower F0 (lower pitch), and the cor-
relation between the two variables wasmoderate (ρ=− .47, p b .001),
while there was no signiﬁcant correlation between testosterone levels
and ΔF (ρ = .02, p = .656). A weak and yet signiﬁcant correlation
was found between body height and ΔF (ρ = − .23, p b .001), with
taller men having lower ΔF (deeper timbre). Taller men also had signif-
icantly lower F0, though the correlation between the two variables was
very weak (ρ=− .19, p b .001).
Acoustic characteristics of the speakers and listeners' judgements
F0 andΔFwere not signiﬁcantly correlated (ρ= .05, p= .155). Men
with lower F0 were perceived as more masculine (ρ=− .53, p b .001).
Men with narrower ΔF were also perceived as more masculine, though
path coefﬁcients revealed that ΔF had a weaker correlation with per-
ceived masculinity than F0 (ρ=− .33, p b .001).
Physiological characteristics and listeners' judgements
Women listeners perceived taller, higher testosterone men as more
masculine. The total effect sizes for the paths from height to perceived
masculinity were bigger (ρ= .30, p b .001) than those found for the
paths from testosterone to perceived masculinity (ρ= .23, p b .001),
TESTOSTERONE
HEIGHT
F0
ΔF
PERCEIVED
MASCULINITY
-.47**
-.53**
.02
-.19**
.13**
-.33**
-.02
-.23**
-.25** .05
Fig. 1. Path diagram showing standardised path coefﬁcients. Residuals formean F0 andΔF are allowed to vary. Signiﬁcant paths are representedwith solid, black lines and non-signiﬁcant
paths are represented with dashed, grey lines. Signiﬁcant coefﬁcients p b .05, p b .001 are reported with asterisks *, ** respectively.
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masculinity than testosterone. Inspection of the effect sizes for the indi-
rect and direct paths from testosterone to perceived masculinity re-
vealed that the relationship between the two variables was entirely
mediated by F0 (indirect effect via F0: ρ=− .25, p b .001), while the di-
rect path from testosterone to perceivedmasculinity was not signiﬁcant
(ρ=.02, p= .562). In contrast, the direct path between height and per-
ceivedmasculinitywas signiﬁcant (ρ= .13, p b .001), revealing that the
relationship between the two variables was only partially mediated by
the measured acoustic traits.
Discussion
These results reveal clear associations between ﬁtness-related char-
acteristics, sexually dimorphic acoustic traits, and perceived masculini-
ty: individuals who are taller and have higher testosterone levels tend
to speakwith lower frequencies (fundamental frequency signalling tes-
tosterone and height, and lower formant frequency spacing signalling
height), and tend to be rated as more masculine from their voice by fe-
male listeners.
Physiological characteristics and voice cues
In line with our hypotheses and previous research (Dabbs and
Mallinger, 1999; Evans et al., 2008; Puts et al., 2012), speakers' salivary
testosteronewas negatively correlatedwith their voice F0, butwas not a
signiﬁcant predictor of ΔF (Evans et al., 2008; Puts et al., 2012; though
see Bruckert et al., 2006 reporting r =− .41).
While our observations support stronger associations of testoster-
one with F0 than with ΔF, the examination of the relationship between
testosterone and vocal parameters in adulthood remains incomplete.
Longitudinal studies would help clarify whether individual differences
in acoustic features linked to testosterone reﬂect variance in total tes-
tosterone exposure during (pubertal) development or a more gradual,continuing exposure spanning across adulthood. So far, evidence from
androgen treatment of individuals lacking the masculinisation of
the larynx (e.g. female-to-male transsexuals and adult males with
hypogonadism) has shown that vocal folds are still sensitive to testos-
terone in adulthood, with testosterone injections permanently thicken-
ing the folds and thus lowering voice F0 (Akcam et al., 2004; Baker,
1999; Talaat et al., 1987; Van Borsel et al., 2000). However, the potential
effects of testosterone exposure in adult males without androgen deﬁ-
ciencies on the physiology (vocal fold mass and length, vocal tract
length and extensibility) and on the behavioural control of the vocal
apparatus (Pisanski et al., 2012) remain largely unknown.
We also reported a negative, weak, yet signiﬁcant correlation be-
tween height and F0, with taller men speaking with lower F0. While
F0 accurately cues for body size between sex and age classes (adult
men have lower F0 than women and children (Titze, 1994)), its role
as a predictor of body size within the sexes remains equivocal. The
weak relationship between F0 and body height is consistent with the
absence of skeletal structures constraining the dimensions of the larynx,
which results in vocal fold length being largely unrelated to overall body
size (Fitch, 2000). Indeed, most acoustic studies have reported the ab-
sence of signiﬁcant correlation between F0 and height within the
sexes (Evans et al., 2006; González, 2004; Künzel, 1989; Lass, 1978;
Rendall et al., 2005; Sawashima et al., 1983; Sell et al., 2010), though
others have identiﬁed weak (β=− .16, Puts et al., 2012) to strong as-
sociations between the two variables (r =− .65 to− .71, Graddol and
Swann, 1983). While the importance of F0 in cueing for speakers' actual
size remains debated, psychoacoustic studies have consistently report-
ed the perceptual salience of F0 in size ratings (Feinberg et al., 2005;
Fitch, 1994; Pisanski and Rendall, 2011; Rendall et al., 2007; Smith
and Patterson, 2005; Van Dommelen and Moxness, 1995), leading sev-
eral authors to suggest that listeners may overgeneralise between-sex
and age differences (Rendall et al., 2007), or broader sound-size associ-
ations in the natural world (i.e. large objects producing bass sounds
(Grassi, 2005; Rendall et al., 2007)). The present methodology could
Table 2
Means and standard deviations (in Hz) for the acoustic parameters in the three voice
stimuli (isolated words, sentence, connected speech).
Acoustic
parameters
Voice stimuli
Isolated words
(N = 37)
Sentence
(N = 37)
Connected
speech (N = 37)
Mean SD Mean SD Mean SD
F0 115.1 15.2 112.1 12.2 109.1 13.6
F1 422.4 44.7 496.6 39.1 535.9 53.0
F2 1751.5 96.5 1382.8 62.2 1643.1 63.6
F3 2568.3 78.3 2471.2 84.4 2576.7 86.2
F4 3461.9 151.7 3439.8 150.5 3548.5 132.9
ΔF 1017.9 35.9 978.1 32.3 1028.3 30.4
Table 4
Pearson's correlations across different speech type (1 = connected speech, 2 = sentence,
3 = isolated words) for F0 (N = 740).
F0 1 F0 2 F0 3
F0 1 1
F0 2 .693** 1
F0 3 .864** .707** 1
Note. Signiﬁcant coefﬁcients p b .05, p b .001 are reportedwith asterisks *, ** respectively.
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vestigate the three-way relationship between voice cues, actual and
perceived body size.
Also in line with our hypotheses, we found that taller men spoke
with narrower formant spacing, though the association between the
twomeasures was weaker than the one reported between testosterone
and F0. Unlike the larynx, the length of the vocal tract is relatively more
constrained by the skeletal anatomy that surrounds it (neck and skull),
which is in turn affected by overall body size (Rendall et al., 2007).
Therefore ΔF, the inverse acoustic correlate to vocal tract length, is be-
lieved to provide a reliable cue to body size and in particular height
(Fitch and Giedd, 1999). Most acoustic studies have indeed foundmod-
erate correlations between ΔF and men's height (Bruckert et al., 2006;
Evans et al., 2006; Greisbach, 2007; Puts et al., 2012; Rendall et al.,
2005; Rendall et al., 2007; Sell et al., 2010), though others have failed
to ﬁnd correlations between the two measures (Collins, 2000; Van
Dommelen and Moxness, 1995).
In summary, our observations suggest that, while F0 and ΔF provide
some redundant information (with, e.g. both F0 and ΔF cueing for sex,
or masculinity), they also cue for different underlying dimensions,
with F0 mainly signalling hormonal quality, and both ΔF and F0
signalling stature. The absence of signiﬁcant correlation between F0
and ΔF in our model is indeed consistent with the source-ﬁlter
theory's key assumption that source (F0) and ﬁlter (ΔF) characteristics
are largely independent of each other as they are affected by different
biomechanical constraints (Fant, 1960; Fitch, 2000; Fitch and Giedd,
1999).
It is important to note that the reported R-values suggest that testos-
terone and height do not account for all the variation in the acoustic
cues. While biological correlates of masculinity other than testosterone
and height (e.g. arm strength (Puts et al., 2012), body shape (Evans
et al., 2006)) may contribute to F0 and ΔF variation, these acoustic var-
iables may also be directly affected by sexual selection and indepen-
dently contribute to perceived masculinity, over and above their
mediation of biological dimensions. For example, lower F0 and ΔF
may have evolved under runaway selection as exaggerated cues of
size/dominance (Fisher, 1930; Puts, 2005) and therefore affect ratings
of masculinity independently from their role in advertising individual
ﬁtness.
Finally, we report a weak (but signiﬁcant) negative correlation be-
tween testosterone and height. To our knowledge signiﬁcantTable 3
Ranges,means and standard deviations for perceivedmasculinity ratings ofmale speakers
from voice stimuli (isolated words, sentence, connected speech).
Voice stimuli N Range Mean rating SD
Isolated words 37 1–7 4.94 1.47
Sentence 37 1–7 4.85 1.49
Connected speech 37 1–7 5.05 1.59correlations between testosterone and height have not been identiﬁed
in previous investigations involving adult subjects (Bruckert et al.,
2006; Campbell et al., 2003), though high-dose testosterone injections
have been shown to stunt growth by pushing children through puberty
faster (Gregory et al., 1992).
Voice cues and listeners' ratings
We found that men speaking with lower frequency values attracted
higher masculinity ratings. These results are consistent with psycho-
acoustic studies showing that male voices characterised by lower F0,
lower ΔF, or both (Feinberg et al., 2008; Pisanski and Rendall, 2011;
Pisanski et al., 2012) receive higher masculinity ratings by women
(and men) listeners than those with the same parameters raised,
lending further support to the hypothesis that women attend to
sexually dimorphic, androgen-dependent voice characteristics when
assessing value of potential mates. Furthermore, in the present study
F0 was a more salient cue for perceived masculinity than ΔF. One
explanation is that women listeners weighed F0 cues more heavily
thanΔF cueswhen rating the perceivedmasculinity of speakers because
of a stronger link between F0 and underlying ﬁtness-related features
compared to ΔF. Alternatively, listeners may simply take advantage of
the greater sex-dimorphism in F0 compared to ΔF when assessing
speakers' gender-related traits. Indeed, while, in natural voices, F0
appears to be a more salient cue to speakers' sex and masculinity
than ΔF (Collins, 2000; Hillenbrand and Clark, 2009), this salience is
in fact reversed when the magnitude of variation is controlled by
making the two cues equally perceptually discriminable (Pisanski and
Rendall, 2011).
To what extent do F0 and ΔF mediate the relationships between size,
androgens and perceived masculinity?
Higher testosterone levels were associated with higher masculinity
ratings and this relationship was solely mediated by F0, with higher
testosteronemen having lower F0 and in turn being rated asmoremas-
culine. We also observed a mediatory role of both F0 and ΔF in the rela-
tionship between perceived masculinity and height, with taller men
having lowerΔF and F0 and, in turn, being attributed highermasculinity
ratings. Themediatory effects of these two acoustic cueswere similar in
magnitude. Additionally, the signiﬁcant relationships between height
and perceivedmasculinitywere still presentwhen themediatory effects
of the acoustic cueswere partialed out, suggesting a direct link between
height and perceivedmasculinity. The availability of extra cues to heightTable 5
Pearson's correlations across different speech type (1 = connected speech, 2 = sentence,
3 = isolated words) for ΔF (N = 740).
ΔF 1 ΔF 2 ΔF 3
ΔF 1 1
ΔF 2 .731** 1
ΔF 3 .275** .130** 1
Note. Signiﬁcant coefﬁcients p b .05, p b .001 are reportedwith asterisks *, ** respectively.
Table 6
Pearson's correlations across different speech types (1 = connected speech, 2 = sentence,
3 = isolated words) for perceived masculinity (N = 740).
Perceived
masculinity 1
Perceived
masculinity 2
Perceived
masculinity 3
Perceived masculinity 1 1
Perceived masculinity 2 .504** 1
Perceived masculinity 3 .489** .469** 1
Note. Signiﬁcant coefﬁcients p b .05, p b .001 are reportedwith asterisks *, ** respectively.
574 V. Cartei et al. / Hormones and Behavior 66 (2014) 569–576may account for this direct effect, as well as for the marginally stronger
relationship between height and perceived masculinity than between
testosterone and perceived masculinity. For example, studies with
read-aloud and spontaneously uttered speech have highlighted the
role of cues other than F0 and ΔF in the expression and perception of
voice masculinity, such as intonation (Cartei and Reby, 2012; Cartei
et al., 2012; Johns-Lewis, 1986), although the potential link between in-
tonation and biological markers to masculinity has yet to be explored.Conclusions
This study expands on previous investigations of masculinity
expression in the human voice, by explicitly exploring the relationships
between physiological (body height and testosterone), acoustic (F0 and
ΔF) and perceptual dimensions (women listeners' ratings) of men's
masculinity. Our results conﬁrm links amongst all three dimensions,
suggesting that women extract characteristics from men's voices that
are important for mate choice, such as testosterone levels and size of
male speakers. Women's ratings may therefore reﬂect adaptations for
identifying high-quality mates, rather than (solely) representing some
low-level perceptual bias (e.g. preferring lower voices as dominant, asTESTOSTERONE
HEIGHT
F0
ΔF
.-.36** S
-.29** S
-.22** S
.02 S
-.41**  I
-.05 I
-.29**  I
.1
.0
.07  I
-.51** C
.08* C
-.32** C
-.29** C
.17** I-.25** S
-.25** I .17** S
.18** C
-.25** C
Fig. 2. Path diagram showing standardised path coefﬁcients for each speech task (Iisolated wor
coefﬁcients p b .05, p b .001 are reported with asterisks *, ** respectively.suggested by Morton (1977) and Ohala (1983)). Future studies could
use the same methodology to investigate this assumption by directly
investigating the correlations amongst size, testosterone, acoustic
variables and vocal attractiveness. While the reported variation in the
mediatory effects of F0 andΔF between thebiological and perceptual di-
mensions is largely in agreement with published data, future studies
with larger samples and the inclusion of additional factors at all three
levels are also warranted to further clarify these relationships. At the
perceptual level, future investigations should take into account lis-
teners' individual differences: e.g. women who are taller and heavier
(Feinberg et al., 2005), more fertile (Feinberg et al., 2006) and rate
themselves as more attractive (Vukovic et al., 2008) than other
women, show comparatively stronger preferences formasculine sound-
ing voices inmen. The impact of environmental factors onwomen's rat-
ings of men's masculinity traits should also be considered: for example,
women living in poorer countries with higher levels of infective disease
and higher levels of short-term relationships display greater prefer-
ences for testosterone-dependent facial traits, and women living in
countries with scarce resources exhibit less preference for male tallness
(Pisanski and Feinberg, 2013). It is also important to note that, while our
study used speech material with relatively neutral content, semantic
content (at least when expressing mating interest) may affect the
links amongst biological, acoustic and perceptual dimensions: for exam-
ple, Vukovic et al. (2010) have found that positively valenced men's
speech (i.e. were saying ‘I really like you’ as opposed to ‘I don't really
like you’), increases women's preferences for masculinised voices.
Further studies should investigate whether the correlations we report
may be accentuated by the use of speech material with a content
highlighting the relevance of masculinity (e.g. dating related).
At the biological level, while salivary testosterone is commonly used
as a biological marker of masculinity because of its relative temporal
stability (Dabbs, 1990a; Sellers et al., 2007), it has also been shown to
vary daily and seasonally (Dabbs, 1990b), and in response to differentPERCEIVED
MASCULINITY
-.23** S
S Sentence
C Connected Speech 
I  Isolated words
-.35** S
.20** S
.05 S
-.30** I
9**  I
-.09*  I
6 I
-.46** C
-.03 C
.03 C
-.28** C
ds, Ssentence, Cconnected speech). Residuals for F0 and ΔF are allowed to vary. Signiﬁcant
Table 7
Contrasts for path coefﬁcients amongst the three tasks (isolatedwords, sentence, connect-
ed speech).
Task MS Df 1 Df 2 F p
Isolated words vs. sentence .016 1 7 .766 .410
Isolated words vs. connected speech .115 1 7 5.07 .059
Sentence vs. connected speech .045 1 7 8.56 .022
575V. Cartei et al. / Hormones and Behavior 66 (2014) 569–576social contexts (i.e. increasing after ‘winning’ — Booth et al., 1989).
Replication and extension of the current ﬁndings, preferably with re-
peated testosterone assays to account for testosterone variations, and
the inclusion of additional correlates of masculinity (i.e. facial width-
to-height ratio (Lefevre et al., 2013), reproductive success (Apicella
et al., 2007)), would be desirable to shed light on the extent to which
acoustic features cue for ﬁtness-related traits.
At the acoustic level, traits other than F0 and ΔF may also cue for
ﬁtness-related features and/or be associated with speaker's perceived
masculinity and should therefore be included in further analyses: for
example, listeners consistently rate more monotonous voices as less
feminine than less monotonous voices (Ko et al., 2006). Finally, adults
have been found to spontaneously modify sex-dimorphic acoustic
cues (F0 and ΔF) in order to vary the expression of gender and related
attributes in line with different roles and social (i.e. gender expression,
dominance, sexual orientation) contexts (Cartei and Reby, 2012;
Cartei et al., 2012; Graddol and Swann, 1983; Puts et al., 2006), and
this variation has a strong effect on the way listeners perceive the per-
sonality of speakers (Owen and Hancock, 2010; Puts et al., 2012; Van
Bezooijen, 1995). Because variation in vocal masculinity is likely to
have both biological and social sources, future studies should also in-
clude social measures of masculinity (i.e. speakers' self-ratings of mas-
culinity) in order to further explore how vocal masculinity relates to
speakers' characteristics (both biological and social) and how these
are perceived by listeners.
Appendix A
F0, ΔF (Table 2) and masculinity ratings (Table 3) were initially ob-
tained from each individual speech task (isolated words, sentence and
connected speech). As these measures were highly correlated across
tasks (Tables 4, 5, 6), acoustic values (F0, ΔF) and women's masculinity
ratings were then averaged across speech types for each speaker, in
order to reduce the amount of noise in the analysis.
Standard path coefﬁcients between the path analysis on our ﬁnal
model (with F0, ΔF and masculinity ratings averaged across tasks, see
Fig. 1) and those conducted separately on each task (see Fig. 2) are
largely concordant, conﬁrming themediatory role of F0 andΔF between
physiological and perceptual measures of masculinity. R2 values also
showed that the three independent models accounted for a relatively
small percentage of the variance in perceived masculinity (word:
17.2%, sentence: 28.4%, speech: 26.1%) compared to the ﬁnal model
(46.9%).
In order to test for differences in the strengths of the relationships
amongst the three speech tasks, we also run one-way repeated-
measures ANOVA on the path coefﬁcients with task as the repeated-
measures factor. We found that the effect of type of task on the
path coefﬁcients approached signiﬁcance, F(2,14) = 3.59, p = .055.
Contrasts (Table 7) showed that the strength of the relationship tends
to increase from the shortest and least naturalistic stimuli (isolated
monosyllabic words) to the longest and more naturalistic stimuli
(spontaneous speech). Future studies investigating the function of non-
verbal voice cues in human interactions should consider the trade-offs
between greater ecological validity using more realistic stimuli, such
as conversational speech, and the beneﬁts of having less inter and
intra-speaker variability, as in speech obtained from reading isolated
words or sentences out loud.Appendix B. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.yhbeh.2014.08.006.References
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